Excessive interferon-gamma (IFN-g) production appears to be a primary immunological lesion in vitamin A-deficient experimental animals but comparable data from humans is lacking. We investigated IFN-g production in South African children by measurement of urinary excretion of neopterin, a product of IFN-g-activated monocytes or macrophages. Preschool children were examined during an acute inflammatory illness resulting from accidental ingestion of kerosene and they and a neighbourhood control child were examined 3 months later when well. Vitamin A status was assessed by the modified relative dose response (MRDR) test at 3 months and serum retinol and acute phase proteins were measured at both time points. Urinary neopterin was measured for forty cases in hospital, forty-six cases after recovery, and forty-one controls. Significantly increased neopterin excretion was seen following kerosene ingestion and in association with raised serum acute phase protein concentrations. There was no relationship between neopterin excretion at either time point and vitamin A status as assessed by MRDR test. Urinary neopterin was negatively correlated with serum retinol but no significant relationship was observed when acute phase protein concentrations were included in a multiple regression, suggesting the correlation was secondary to illness-induced changes in serum retinol. The results indicate that, contrary to what is observed in rodents under experimental conditions, poor vitamin A status is not associated with altered regulation of IFN-g production in children.
Community vitamin A supplementation trials have clearly shown the importance of adequate vitamin A status for resistance to infectious diseases (Beaton et al. 1993) . Studies of the mechanisms of the beneficial effects of vitamin A on resistance to infection have been, for logistical reasons, largely conducted using animal or cell culture models. The general consensus is that two main mechanisms are involved: maintenance of epithelial integrity and promotion of immune functions (Ross & Stephensen, 1996) . However, there remain unanswered questions regarding both of these mechanisms, for example, the exact nature of the immunological defect, and the reason for the greatest benefits of vitamin A being seen for diarrhoea whereas histological evidence indicates the gastrointestinal epithelium is relatively insensitive to vitamin A deficiency (Wolbach & Howe, 1925; Zile et al. 1981) .
Regarding immunological defects, recent studies from several groups have indicated that altered regulation of interferon (IFN) production may be a primary lesion in vitamin A deficiency. Spleen and mesenteric lymph node cells from vitamin A-deficient mice (Carmen et al. 1992; Cantorna et al. 1994) and rats (Wiedermann et al. 1993 (Wiedermann et al. , 1996 exhibited excessive IFN-g production in response to polyclonal or specific antigen stimulation; however, decreased concanavalin A-stimulated spleen cell production of IFN (Bowman et al. 1990 ) and normal plasma IFN titres (Zhao et al. 1994) have also been reported in vitamin A-deficient rats. Vitamin A-deficient mice exhibited constitutive transcription and secretion of IFN-g which could be reduced to normal by in vivo retinoic acid supplementation (Cantorna et al. 1995) . Retinoic acid also decreased expression of the IFN-g gene in human peripheral blood T cells in vitro (Cippitelli et al. 1996) . However, data on the effects of vitamin A status on IFN-g production in humans is lacking and it is notable that in all the in vitro studies, cultures were adjusted to equal cell numbers, obliterating information about total IFN-g production in vivo. Thus, the resemblance of the various animal and cell culture models to human immune function in vivo remains to be determined.
Measurement of in vivo cytokine production in normal clinical conditions is difficult due to the short biological half lives of many cytokines making time of sampling critical, the presence of cytokine inhibitors in the samples, and problems of storage (Whiteside, 1994) . Recent work has indicated, however, that neopterin, a product of activated macrophages, in urine or serum can be used as a measure of the degree of activation of macrophages by IFN-g, produced largely by T cells (Fuchs et al. 1992) . Production of neopterin in vitro is abolished by antibodies to IFN-g (Huber et al. 1984) . Neopterin assessment has been found useful for monitoring infections, cancers, organ transplants, and various inflammatory disorders (Fuchs et al. 1992; Iwagaki et al. 1995) . Neopterin is produced relatively early in response to infection, is quantitatively excreted in urine and is stable in frozen samples (Fuchs et al. 1992) . Therefore, we have used urine samples collected as part of a study of the effect of acute kerosene-induced respiratory inflammation on vitamin A metabolism and status of South African children to examine the effect of vitamin A status on neopterin production during both illness and health. Although kerosene ingestion induces a fairly 'sterile' inflammation, it induces acute phase protein changes and alterations in retinol distribution similar to those found in infection (Willumsen et al. 1997) .
Experimental methods

Study design
Children aged 1 to 5 years, presented at Baragwanath Hospital, Soweto, following accidental kerosene ingestion, a common and serious cause of childhood poisoning in South Africa (De Wet et al. 1994) , and who required hospitalization at least overnight, were eligible for the study. The study was approved by the ethical review committees of the University of Witwatersrand, Johannesburg, and the Institute of Child Health, London. Informed consent was obtained and, in addition to standard clinical care, blood samples were taken at admission and the following morning for measurement of serum retinol and the acute phase proteins, a 1 -acid glycoprotein (AGP) and C-reactive protein (CRP). Urine samples were collected the following morning for measurement of retinol binding protein and these were later used for neopterin measurement. Children were followed up fortnightly in the community for 3 months at which time they and an apparently healthy neighbourhood control child of similar age came to the hospital for clinical examination, a modified relative dose response (MRDR) test of vitamin A status and further urine collection. Further details of the study may be obtained from Willumsen et al. (1997) . Neopterin assays were performed only for the children who completed the follow-up and for whom MRDR tests of vitamin A stores were available, that is, forty-six of the original fifty-seven case children and forty-one control children. There was insufficient urine for neopterin analysis for hospital samples from six of the forty-six case children.
Laboratory analyses
Urinary neopterin was measured using a commercial ELISA kit (Brahms Diagnostica, Berlin, Germany) and expressed per mmol of creatinine, measured by the Jaffe method. Analytical procedures for retinol by HPLC (Filteau et al. 1993) , 3,4-didehydroretinol for the MRDR test (Tanumihardjo et al. 1996; Willumsen et al. 1997) , and AGP (Filteau et al. 1994) and CRP (Gillespie et al. 1991 ) by ELISA have been described previously. The upper limit for AGP concentration in healthy children was taken to be 0 . 75 g/l (Filteau et al. 1994) .
Statistical analyses
Statistical analyses were conducted using SPSS/PC (SPSS Inc., Chicago, IL, USA). Neopterin and other biochemical results were logarithmically transformed to normalize distributions; therefore, results presented are geometric means with 95 % CI and correlations are between logarithmic values. Neopterin values were compared between groups at 3 months using the Mann-Whitney non-parametric test and between case children at the two time points using the Wilcoxon signed rank test (Kirkwood, 1988) . Multiple regressions were conducted to determine factors influencing neopterin production, including age, anthropometry, illness as defined by acute phase protein concentrations, and whether samples were from children in hospital or 3 months later, and vitamin A status as defined by MRDR test results. Since there was no effect of kerosene ingestion on MRDR test results at 3 months (Willumsen et al. 1997) , it appeared that the illness, in spite of lowering serum retinol and increasing urinary retinol binding protein excretion acutely, did not significantly affect vitamin A status in the longer term; therefore, MRDR test results at 3 months were considered to indicate vitamin A status at both time points.
Results
Selected descriptive, nutritional, and acute phase protein data from the subset of children for whom neopterin was measured are shown in Table 1 . Further details of vitamin A metabolism and morbidity of the children can be found in Willumsen et al. (1997) .
Urinary neopterin excretion was increased when the children were sick after kerosene ingestion but there was no lingering effect of this illness 3 months later, as concentration then did not differ from controls (Table 2) . At 3 months, neopterin excretion correlated with CRP (r 0 . 25, P ¼ 0 . 024, n 84) but not AGP (r 0 . 17, P ¼ 0 . 13, n 84). The lack of correlation between neopterin and either acute phase proteins or duration of hospital stay (used as an indicator of illness severity) at the first time point may have been due to the lower sample size at this time. Similarly, there were no correlations at 3 months within case or control groups considered separately. At both time points there was a negative correlation of neopterin with age (in months, at the initial home visit 2 weeks post admission), as has been observed previously (Fuchs et al. 1992) and no significant correlations with haemoglobin or weight for age or height for age Z scores (data not shown). Although the samples in hospital were all taken in the morning and thus at various times after kerosene ingestion, the time post-ingestion had no significant effect on neopterin excretion.
Neopterin production at both time points was not influenced by vitamin A status assessed by whether children had normal (MRDR Յ 0 : 06) or abnormal (MRDR > 0 : 06) vitamin A stores (Table 3) . Similarly, MRDR test results expressed as a continuous variable were not correlated with urinary neopterin in hospital (r 0 . 10, P ¼ 0 . 54, n 40), or 3 months later (r 0 . 06, P ¼ 0 . 59, n 86). There was a wide range of serum retinol values at admission (0 . 07-1 . 60 mol/l) and 3 months later (0 . 45-2 . 79 mol/l). Neopterin excretion correlated with serum retinol during hospitalization (r ¹ 0 : 33, P ¼ 0 . 046, n 37) and at 3 months (r ¹ 0 : 25, P ¼ 0 . 022, n 87). When multiple regressions were run to determine factors influencing neopterin excretion, only age entered the equation at 5 % significance at both time points, explaining 15 . 9 % of the variability in neopterin excretion during hospitalization and 7 . 6 % 3 months later. The only other dependent variable which reached 5 % significance in the multiple regression was CRP at 3 months which explained 8 . 7 % of the variability in neopterin. Retinol and acute phase proteins were all highly intercorrelated and it appeared that the significant bivariate association between serum retinol and urinary neopterin was secondary to acute phase changes in the former. This conclusion is supported by Fig. 1 , in which the relationship between serum retinol and neopterin excretion at 3 months is illustrated with data subdivided according to whether children at that time had normal (Յ0 : 75 g/l) or raised serum AGP concentrations.
AGP, rather than CRP, was used since only eight children had raised CRP (>5 mg/l) at this time. The correlation was significant only for children with the raised AGP levels characteristic of an acute phase response.
Discussion
The present results indicate that in children, unlike in rodents studied in several laboratories, IFN-g production is not affected by vitamin A status either when children are well or when they are sick, that is, during hospitalization or whenever acute phase protein levels are raised. The correlation between neopterin excretion and serum retinol vanished when acute phase proteins were accounted for, indicating that the relationship resulted from the well-documented redistribution of retinol away from plasma during acute phase responses (Ramsden et al. 1978; Rosales et al. 1996; Willumsen et al. 1997) . The biological significance of our neopterin results is supported by the significant difference between production in hospital and 3 months later when children were well and by the correlations with serum acute phase proteins. The conclusions regarding vitamin A status are also strengthened by the fact the study was conducted in a population of 77 Vitamin A and neopterin excretion in children highly variable vitamin A status, as indicated by MRDR test results, and widely varying serum retinol, although serum retinol was generally not as low as that of rodents in commonly used models of vitamin A deficiency (Cantorna et al. 1994; Weidermann et al. 1996) . However, some limitations of the study need to be mentioned. Most importantly, the study was designed to measure vitamin A metabolism and status, not neopterin, and the sample size may not have been large enough to detect differences between neopterin excretion according to vitamin A status. We had no data on neopterin production by young children from a developing country on which to base sample size calculations initially but our data indicate that many more children would have been needed to determine differences of, say, 20 % between groups. Nevertheless, the sample size was large enough to detect a biologically meaningful difference in production between sick and well children. Furthermore, our data showed no evidence of even a trend towards the increased IFN-g production seen in vitamin A-deficient rodents in several laboratories. Second, for logistical reasons, we measured neopterin rather than IFN-g itself and, although neopterin is considered dependent almost entirely on IFN-g-activated monocytes and macrophages (Huber et al. 1984) , there remains the possibility that vitamin A deficiency induces some abnormality in the link between IFN-g production and 78 S. M. Filteau et al. macrophage synthesis of neopterin such that excessive IFNg production might not be detectable through measurement of urinary neopterin. Parallel measurement of neopterin and IFN-g production by in vitro-stimulated blood leucocytes of children of known vitamin A status might clarify this. Third, these studies should be repeated in the context of an infectious challenge which might induce considerably higher IFN-g and neopterin production and might involve separate vitamin A-dependent processes. Nevertheless, with these reservations, it seems that some of the rodent and cell culture models which have been used to investigate how vitamin A deficiency impairs resistance to infectious disease may not reflect well the common situation of vitamin A deficiency among children in less-developed countries.
